The purpose of this study is to demonstrate the energy harvesting of power-line magnetic noise. To the best of the authors' knowledge, no research has yet been carried out to confirm this possibility. In this paper, we present a simple circuit design model, and confirm its validity by experimental results. For small self-sufficient devices in a wireless sensor network, the target energy level is 1 mW. We prepare an energy harvesting module with an air-core coil and resonant capacitor. From experimental and simulated results, we investigate the desired conditions for harvesting 1 mW from a uniform magnetic field of 60 Hz. Through experimental results with iron cores, the benefits and drawbacks of the use of a magnetic core are also discussed. With our best harvested module, we successfully demonstrated the energy harvesting of 6.32 mW from a magnetic field of 21.2 T at 60 Hz. If the usable magnetic flux density increases tenfold, the harvesting energy increased 100-fold. If the magnetic flux density is at an acceptable level in a public space of 200 T at 60 Hz, the harvesting power density becomes 130 W cm 3 . This value is comparable to the value of an energy harvesting module of a light source during a cloudy day.
I. INTRODUCTION
W E can easily find the existence of light, vibration, and thermal energy in our living environment. For harvesting this kind of energy with high efficiency, a number of energy harvesting modules have been developed in recent years. Energy harvesting is a key technology for small self-sufficient devices, which use environmental energy as a source. If the target of the devices is a wireless sensor network, the desired energy is a few milliwatts.
An interested summary is reported by Roundy's group [1] . According to the report, the typical power density is 15 000 of light energy (outdoor, direct sun), 250 of vibration energy (Piezoelectric conversion), and 15 of thermal energy (at 10 gradient). Compared with batteries and fuel cells, these values are remarkable. For example, a nonrechargeable lithium battery is a promising energy storage device. However, the power density is 45 for a one-year lifetime, and 3. 5 for a ten-year lifetime. Of course, an exact comparison is not easy because their abilities depend on different parameters. When using a harvesting module for light energy sources, the energy density is dramatically decreased to 150 during a cloudy day, and 6 at an office desk.
From the viewpoint of an engineer concerned with weak and low-frequency magnetic field detection, the magnetic fields are considered harmful noise. The authors' group has developed an air-cored induction magnetometer [2] - [6] . According to the circuit simulator, although its sensitivity is comparable to a SQUID sensor, we did not successfully observe the waveform of a weak magnetic field of less than 1 pT in our laboratory environment. Noise always exists in our living environment, and a perfect magnetic shielding is not practical.
Because power lines are necessary for our modern life, we are required to coexist with undesirable magnetic power-line noise. From the viewpoint of the effect on humans, an acceptable level in a public space is 200 at power-line frequency (50 or 60 Hz) [7] . We focus on the magnetic field as a source of energy harvesting. The purpose of this study is to demonstrate energy harvesting of power-line magnetic noise. To the best of the authors' knowledge, no research has yet been carried out to confirm this possibility. In this paper, we present the circuit design of a simple model and confirm the validity with experimental results.
II. METHOD
We chose a Brooks coil for the shape of the air-core coil. A Brooks coil is a circular coil having a square cross section, and the ratio of the coil length, inner diameter, and outer diameter is 1:2:4 [8] . In order to estimate the inductance of an air-core coil to three significant digits, we should choose a suitable equation from five equations with four parameters (inner diameter, outer diameter, coil width, and number of windings) [8] . In contrast, the required number of parameters for a Brooks coil is only two, and the estimation error due to the spacing factor [3] and tolerance [4] is quite low. Because this coil shape can achieve the maximum inductance for a given length of winding wire, it is suitable for development of a resonance circuit. Fig. 1 shows our prepared energy harvesting modules, and Table I shows the specifications. The values of the inductance (H) and resistance were estimated as
where is the coil constant for the Brooks coil, (m) is the mean radius, is the number of windings, is the resistivity of copper at room temperature, and is the cross-sectional area of the winding. The measured values were in good agreement with the estimated values within 3% relative error. To provide a resonance frequency at 60 Hz, we chose the resonant capacitor (F) from (3) 0018-9464/$26.00 © 2011 IEEE (5) where (Hz) is the frequency and (T) is the mean flux density crossed with the mean cross section of the coil. If the spacing factor and mean radius of the coil are high, the amplitude of the voltage source and the quality factor are high. However, the energy loss due to the coil resistance becomes high and undesired eddy current losses in the coil may also affect the harvesting energy. Because of these reasons, we prepared four coils with different radii and spacing factors. For generating a uniform magnetic field, we used our developed simple-cubic-3 coil system (SC3). SC3 was composed of three square coils connected in series, and the distance was the half-side length of the coil. The side length was 2 m, and the number of windings was 24:12:24. In the area within a radius of 50 cm from the center, SC3 can generate a uniform magnetic field within 1% deviation. Because the maximum diameter of the modules was 28 cm, we used this area to simulate power-line magnetic noise. For the evaluation of frequency dependence, the output voltage was measured with a fast Fourier transform analyzer. The frequency range was from 1 Hz to 1 kHz, and the amplitude was 1 or 10
. For the evaluation of amplitude dependence, the harvesting energy was calculated from the measured output voltage. The frequency was 60 Hz, and the amplitude ranges were from 1 to 10 with a 1 step and from 10 to 60 with a 10 step. The maximum amplitude of the magnetic flux density of 60 corresponds to 21.2 . In order to discuss the benefits and drawbacks of the use of a magnetic core, we prepared iron rods whose diameter and length were 25 and 105 mm, respectively (Niraco. Inc., Fe 99.5%). The tested number of rods was 1, 2, 3, 4, and 7. They were placed inside the Coil1 parallel to the center axis. We selected resonant capacitors from the measured results of the inductance using an impedance analyzer. Table II shows the measured inductance and the selected resonant capacitors. The amplitude dependence was also measured as mentioned earlier, and the increasing rates of the inductance and harvested energy were compared.
III. RESULTS Fig. 3 shows examples of the frequency dependence of the modules. Although the modules Coil1 and Coil2 showed a clear peak voltage at 60 Hz, the modules Coil3 and Coil4 did not because the half bandwidths were larger than 60 Hz. We thus concluded that the quality factor should be larger than 5 for collecting the energy of a 60 Hz magnetic field selectively. Compared with the simulated results for a magnetic field of 10 at 60 Hz, the relative error values for Coil1, 2, 3, and 4 were 40%, 42%, 48%, and 9%, respectively. Fig. 4 shows the amplitude dependence of the modules. Plots represent the measured results, and lines represent the simulated results. Compared with the simulated results, the average values of relative error for Coil1, 2, 3, and 4 were 67%, 68%, 74%, and 17%, respectively. It was found that large size and a high spacing factor of the coil made the harvesting energy high. For example, the best module, Coil2, harvested 6.32 mW from a magnetic field of 21.2 at 60 Hz. Because there were no nonlinear materials in the modules, the harvested energy was proportional to the square of the magnetic flux density. . While the number of inserted iron rods was increased up to 7, the values of the harvested energy were not remarkable. When we confirmed the amplitude dependence of the modules with or without iron cores, they had the resonant frequency around 60 Hz. However, the peak was not sharp due to the low quality factor. In other words, the imperfection of the resonant capacitor did not affect to the harvested energy strongly. Fig. 6 shows the comparison of the normalized values of the inductance and harvested energy. Here, (H) and (H) represent the inductance of the coil, Coil1, without or with iron cores, respectively.
(W) and (W) represent the harvested energy from a magnetic field of 21. 2 at 60 Hz with the module, Coil1, without or with iron cores. Increasing the number of iron rods produced an increase of the ratio . The normalized inductance values, , were not dramatic because the effective permeability was limited by the demagnetizing field in the iron rods. It is defined as the ratio of the total length to the diameter. Because the ratio corresponds to the increasing ratio of the mean flux linkage, the increasing rate of the harvested energy should be proportional to the ratio. However, when the number of inserted iron rods was increased to 1, 2, 3, 4, and 7, the harvested energy changed by 13%, 20%, 16%, 25%, and 26%, respectively. The results indicated the existence of energy loss in the magnetic material. We also calculated the normalized value for the amplitude from 0.35 to 21.2 . The average values were changed by 13%, 20%, 15%, 24%, and 27%, respectively. We concluded that the nonlinearity of the iron rod was not strong in this amplitude range.
IV. DISCUSSION
Electromagnetic fields are used as an energy medium in an energy harvesting module with a vibration source and wireless power transmission. In contrast, a wireless power transfer method proposed by an MIT group (Magnetic resonant coupling type) [11] has attracted many engineers. However, no research has yet been carried out to harvest the energy of a power-line magnetic field. In other words, the power line and the noise were not regarded as an energy transmitter and artificial energy source in our living environment. . This value is comparable to the value of an energy harvesting module of a light source during a cloudy day. Our experimental results also revealed the problems in the magnetic material. It is not only the effective permeability due to the demagnetizing field, but also the iron loss in the magnetic material. For a reduction of the element size, a suitable magnetic core should be designed. For a preliminary study of the use of magnetic cores, we chose pure iron rods. In order to reduce eddy current loss, laminated electrical steels or amorphous ribbons may also be suitable as core materials.
V. CONCLUSION
We developed an energy harvesting module with an air-core coil and a resonant capacitor. With our best harvesting module, we successfully demonstrated the energy harvesting of 6.32 mW from a magnetic field of 21.2 at 60 Hz. Although we assumed that magnetic power-line noise is a uniform magnetic field, it may be a very specific case. Power lines are usually three-phase systems where the magnetic field is elliptically polarized. Moreover, the field near the power lines also has a significant spatial gradient. For practical use, we should also consider these conditions.
